Abstract-We have developed a new time calibration method for DRS4 waveform sampler. The method is based on the correlation between differential amplitude and time interval of adjacent switched-capacitor cells responding to a simple saw-tooth shape pulses. In the experiment, saw-tooth pulse with 40ns period from a Tektronix AWG7104 is fed to DRS4 evaluation board for calibrating all 1024 cells of the board. The electronic time resolution of the DRS4 board with the new time calibration is measured to be ∼5.6ps FWHM using two identical simulataneous Gaussian pulses. The time resolution dependencies on the delay and the sampling speed are measured also. The new method is applicable for other switched-capacitor array technology-based waveform samplers for precise time calibration.
I. INTRODUCTION
We are developing a high speed waveform sampling-based signal readout using DRS4 chip [1] for TOF PET application [2] [3] . In addition to precise time extraction, the use of waveform sampling readout would results in simplified data acquisition hardware, and unified signal processing chain accordingly. Some of our approach using the transmissionline requires ∼20-30ps FWHM of time resolution [3] , and the electronics time resolution need to be much smaller than that. It has been found that the DRS4 chip need time calibration for each individual capacitor cells to achieve reliable time measurement in the entire time window it provides [4] . Figure 1 shows the time resolution measurement using DSR4 evaluation board (PSI, Switzerland) and PDRS4 board [4] (NOTICE, Korea and U. of Chicago). The time resolution is increasing in DRS4 evaluation board as the separation between two input signal becomes larger. By applying a time calibration using two pulses with fixed distance [4] , the time resolution dependence on the delay was reduced, but still existing as in PDRS4. On the other hand, such dependence is not observed with Tektronix digital scope. The figure indicates also that better time resolution than high-end commercial digital scopes can be achieved using DRS4 chips with proper time calibration. We have developed a new time calibration method using the correlation of amplitude and time interval of linearly increasing/decreasing pulse. This method would be applicable also to other waveform sampling digitizers for the time calibration. The calibration method, experimental test setup, and the initial results are presented in the following sections.
II. METHOD
In our method, pulses, of which amplitude is linearly increasing(decreasing), are fed to the input channel of DRS4. The linearity of the input pulse is reflected in the sampled waveform as shown in Figure 2 ,where sampled points are marked by red dots on the straight line. Since Δ , differential amplitude between two adjacent samples, is proportional to Δ , the time interval between adjacent samples can be extracted from the measured Δ for all the capacitor cells. The entire sampling range for 1024 cells in DRS4 chip is fixed by on-chip phase-locked loop (PLL), 200ns at 5GS/s. This constraint gives a single normalization factor, , to convert the measured Δ to Δ as follows.
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III. EXPERIMENTAL SETUP
We use saw-tooth shape pulse for time calibration source. The saw-tooth shape pulse is generated by using Tektronix AWG7104 waveform generator, and feed to one input channel of DRS4 evaluation board. The AWG7104 is an arbitrary waveform generator with 10GS/s sampling and ∼1ps random jitter. The saw-tooth pulses has 10ns duration in rising, falling and plateau as shown in Figure 3 digitizer, a DRS4 evaluation board (PSI) was used. The DRS4 board, shown in Figure 3 (right) provides 4 input channels, each with 1024 capacitor cells. The input dynamic range of the DRS4 chip is 1V (-0.5 to 0.5 V), and the sampling speed is adjustable in 0.7 -5 GS/s range. Waveforms acquired by the DRS4 board are transferred to a computer an for offline analysis. The board equips with on-board amplitude and time calibration software, and it makes possible to make a comparison study for the same waveform set. The DRS4 onboard time calibration is used as as a reference method for comparison in this study. The new set of time calibration constants was applied to the original saw-tooth waveform to check how well the linearity of the input pulse is reproduced with the new time constants. Figure 6 shows a close-up of the saw-tooth waveform segment using two different time calibration. A linearly increasing ideal saw-tooth is superimposed on the figure. It should be noted that the amplitude at each sample is same for both waveforms. From the figure, it is clearly seen that the waveform with the new time calibration recovers the input pulse well than the PSI constants.
IV. RESULTS

A. Time calibration constants using saw-tooth pulse
B. Tests using two Gaussian pulses
For the validation test on the new time calibration, identical pulses with Gaussian shape are generated from two channels of the generator, and sent to the two input channels of the DRS4 board. The time delay between two Gaussian pulses are varied by 0-170ns to measure the time resolution dependence on the time separation between two input pulses. Figure 7 (left) shows the two Gaussian pulses from each channel of the AWG7104 with 5.0ns delay. Gaussian fit is applied to the waveforms recorded by DRS4, and the mean value of Gaussian fit is taken for the event time for each waveform. Figure 7(right) shows the time difference measurement using the two Gaussian pulses with 1.0ns delay between them. The slight difference in cable length introduces the offset in the measurement. The time resolution is measured to be ∼6.9ps FWHM with the new time calibration. Assuming the identical response in two input channels, ∼4.9ps FWHM of time resolution is estimated for single channel. (left) Two identical Gaussian pulses generated by AWG7104 are connected to DRS4 to measure the electronic time resolution. (right)Electronics time resolution,∼6.9ps FWHM, at 1ns delay is estimated from the time difference measurement using two Gaussian pulse. The time resolution dependence on the delay between two pulses in 0-5ns range are shown in Figure 8(left) . Compared to the results using the on-board time calibration from PSI, the time resolution dependence on the delay is negligible in the new method. (69ps vs. ∼7.5ps FWHM at 5.0ns delay.) The time resolution measured with the delay up-to 170ns is shown in Figure 8 (right). The resolution is gradually becoming larger as the delay increases until ∼120ns, and starts to give smaller resolution as the delay increases. This behavior is considered to be the constraint effect of the on-chip PLL of DRS4. The linearity of the measured time is shown in Figure 9 . The mean of the measured time difference,as in Figure 9 (left), is compared to the known delay in the pulse generator. The calibration procedure was also repeated at other sampling speed in 0.7-5GS/s range, and the results on the time resolution is shown in Figure 10 . The time resolution dependencies are similar to the result at 5GS/s, especially in 2-5GS/s. The measurements indicate that electronic time resolution is smaller with higher sampling as expected, but the resolution differences in 2-5GS/s is marginal.
C. Results using PDRS4 board
The new time calibration method was applied for calibrating PDRS4 board (NOTICE and U.Chicago) to check if the method is applicable to other waveform electronics using DRS4 chip. PDRS4 [4] , shown in Figure 11 (left), is a prototype waveform readout board with 8 input channels developed for PET application using DRS4 chip, Following the same procedure and tests described earlier as using the evaluation board, the electronic time resolution of PDSR is measured as shown in Figure 11 (right). The result in the figure is obtained at 5GS/s sampling. Compared to the result using other calibration method, shown in Figure 1 , the resolution dependence on the time difference is reduced significantly, and the absolute resolution also is improved. The worse time resolution than the DRS4 evaluation board is attributed to the larger noise level of PDRS4 (∼1.5mV to ∼0.4mV in RMS). 
V. SUMMARY
We developed a new time calibration method for DRS4-based waveform sampling electronics. The method is using the linearity of the saw-tooth shape pulse, and the sampling interval between adjacent capacitor cells of DRS4 is calibrated individually for all 1024 cells from the measured differential amplitude using the method. The electronic time resolution with the newly obtained time calibration constant is measured by varying the time difference between two input channels. The resolution dependence on the time difference, which were founded with other calibration methods, is significantly reduced with the new time calibration. The time calibration method was applied to two different readout boards using DRS4 chip, and can be applicable also to other waveform sampling using switched-capacitor-array technology.
